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Abstract 

Interference between different qnantum paths can generate Fano resonance. One of the examples 
is transport through a quasibound state driven by time-dependent scattering potential. Previously 
it is found that Fano resonance occurs as a result of energy matching in one-dimensional systems. 
In this work, we demonstrate that when transverse motion is present, Fano resonance occurs pre¬ 
cisely at the wavevector matching situation. Using the Floquet scattering theory, we considered 
the transport properties of a nonadiabatic time-dependent well both in the 2DEG and monolayer 
graphene structure. Dispersion of the quasibound state of a static quantum well is obtained with 
transverse motion present. We found that Fano resonance occurs when the wavevector in the trans¬ 
port direction of one of the Floquet sidebands is exactly identical to that of the quasibound state 
in the well at equilibrium and follows the dispersion pattern of the latter. To observe the Fano 
resonance phenomenon in the transmission spectrum, we also considered the pumped shot noise 
properties when time and spatial symmetry secures vanishing current in the considered configu¬ 
ration. Prominent Fano resonance is found in the differential pumped shot noise to the reservoir 
Fermi energy. 

PACS numbers: 72.70.-bm, 72.80.Vp, 72.10.-d 


Corresponding author. Electronic address: rzhu@scut.edu.cn 


1 



I. INTRODUCTION 


Fano resonance is a widely present phenomenon in atomic spectrum, light propagation, 
quantum transport, matter-wave scattering in ultracold atom systems, and etoi>^. It can 
be interpreted by destructive interference of transport in different quantum paths espe¬ 
cially when a discrete state interacts with a continuum of propagating modes. In quantum 
transport systems, when a donor impurity is embedded in a free conductor, Fano resonance 
can result from path interference, with additional quantum paths necessary for interference 
generated by spatially or time dependent potential. Floquet sidebands are formed in nona- 
diabatic quantum pumping driven by one or several high-frequency oscillating potentials. In 
the case of a time-dependent quantum well, when one of the Floquet levels matches the qua¬ 
sibound level inside there strikes a Fano resonance^^-, which can be observed in the pumped 
shot noise^. These previous work proposes that the Fano resonance occurs as a result of en¬ 
ergy level matching between one of the Floquet sidebands and one of the quasibound states 
within the well in one-dimensional transport. It is unclear whether the Fano resonance oc¬ 
curs with energy matching or wavevector matching or other mechanisms when transverse 
motion enters. Earlier Fano resonance in the momentum space was already discussed in 
topological hltersii^ and quadratic waveguide arraysi>^. In this work, we would investigate 
the Fano resonance properties in nonadiabatic quantum pumping driven by a single oscil¬ 
lating electric potential well in 2DEG (two-dimensional electron gas) and graphene with 
nonzero transverse wavevectors. 

The two systems we would consider are 2DEG and monolayer graphene. 2DEG is a single¬ 
particle model of free electron states with parabolic energy-momentum dispersion. It can 
be formed in semiconductor heterostructures and is a general platform for various quantum 
phenomenons. The quasiparticle states in a monolayer Graphene sheet can also be modeled 
as a two-dimensional free gas^. The difference is that it has “light-cone”-like dispersion with 
the conduction and valence band connected at the Dirac point. As a result, hole states as well 
as electrons contribute to its transport properties. Its low energy behavior can be described 
by the Dirac equation. From the band structure investigation of the monolayer graphene^, its 
experimental realizatioiii^, the quantum spin Hall effect!^, to the quantum anomalous Hall 
state in bilayer graphenel^, graphene has aroused unceasing interest among physicists. As 
an important dynamic transport process, quantum pumping properties in graphene-based 
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structures were also targeted from different view anglesl^'— . Recently, irradiation induced 
Floquet topological transitions in graphene also attracted attentioni^'i^. With the Dirac 
fermions being the charge-carrying quasiparticles, the graphene has its unique signihcance 
in transport investigations. 

Shot noise measures the current fluctuations originated from quantization of charge 
carriers!^. In the past two decades, shot noise has played an important role in charge conhr- 
mation such as of Cooper pairs^S and the Laughlin quasiparticles^. Similar to bias driven 
conductance, the parametric pumped charge current is also accompanied by the pumped shot 
noise featuring physical information beyond conductance measurements^'l^'^'^i. The Klein 
paradox—, Fano resonance^, and lifetime of the quasistationary states between magnetic 
domain walls^S were found to be characterized in the shot noise, which is complementary or 
beyond the conductance properties. 

Although intensive theoretical work has been done on the bias driven shot noise prop¬ 
erties of various mesoscopic conductors^ and the general scattering theory for adiabatio^^ 
and nonadiabatic pumped shot noise^^ is derived, the specihc pumped shot noise proper¬ 
ties in different quantum transport systems are less covered. They represent the underlying 
physics of different materials and devices, some of which is beyond conductance information. 
In the pumping process driven by time dependent external or internal parameters, virtual 
or temporary transmission within a cyclic period generates considerable noise even when 
time and spatial reversal symmetry secures vanishing time-averaged charge current. The 
Floquet scattering theory was already used to investigate quantum pumping behavior in 
the 2DEGf2i‘^ and graphene!^ structures. Recently, the Floquet-Bloch theoryi^^l^ and the 
Floquet-Magnus approach^ were developed respectively to investigate radiation induced 
band topology manipulation and the eigenstates modulation under ac-driven spin-orbit in¬ 
teraction both in monolayer graphene. However, neither of them considered the transport 
properties. In this work, we follow Li et aUs Floquet transmission^ and Moskalets et aUs 
Floquet shot noise^^ frameworks and extend them to two-dimensional free electron gases and 
Dirac fermions of graphene. Fano resonance in the nonadiabatically pumped shot noise at 
quasibound wavevectors driven by an ac single-well potential was found with no dc charge 
current pumped out due to time and spatial reversal symmetry. 

Other parts of the paper would be organized as follows. Discussions of the 2DEG and 
graphene would be given in Section II and III, respectively. Analysis of the conhned states. 
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Fano resonance properties of the transmission under the Floquet theory, and the pumped 
shot noise properties would be three subsections of them. A conclusion would be given in 
Section IV. 


II. NONADIABATIC QUANTUM PUMPING IN 2DEG 


We consider the nonadiabatic pumping properties in a 2DEG driven by a time-dependent 
electric potential well V{t) = — Vq + Vi cos(a;t) with width L. Vq is the static well depth, Vi 
is the driving amplitude, and cj is the driving frequency. The considered device is sketched 
in Fig. 1. Assuming the 2DEG located in the x-y plane, the time-dependent Hamiltonian 
of the electrons can be expressed as: 

/ 52 q2 \ 


U {x, t) = 


( 2 ) 


with ^ 

V {t), 0 < X < L, 

0, others. 

For GaAs the electron effective mass m*=0.067me, where rrie is the mass of the free electron 
and our discussion is based on single electron approximation and coherent tunneling. 


A. Quasibound States within a Static Quantum Well 


In advance of the time-dependent treatment, we consider the quasibound states within 
the static quantum well with width L and depth Vq spanned in the x direction in the 2DEG. 
We set the energy coordinate to be —Vq at the bottom of the well. When the electron is 
conhned in the well with its energy E > —Vq, the wave functions inside and outside of the 
well can be written as 


^P{x,y) = V’^yy I 


re 


ae 


ikxX 


be 


—ikxX 


te-^^, 


X <0, 

0 < X < L, 
X > L, 


( 3 ) 


4 



where = ^2m* {E + Vq) — ffiky jh and k = ^—2m*E — K^kyjh. Continuity equations 
of the wave functions and their derivatives at a: = 0 and x = L are: 


r = a + 6, 

Kr = ik^a — ik^b, 
ae 

- ikJ)e~^^^^ 


ihxL _|_ ikxL __ k,L 


( 4 ) 


^—kL 


= —Kte 

Solvability of these equations gives rise to the secular equation 

1-1 -1 0 

-ikr ikr 0 


e = 




Q ^ikxL g ihxL _g kL 


0 


-1 h' c> '^kxL ICC' 
ttv'T'C/ rvtt 


= 0 . 


( 5 ) 


Roots of E for this equation are the quasibound state energies. They can be obtained 
numerically by the sign-reversal points of d \^\/dE. The quasibound levels as a function of 
ky is shown in Fig. 2. There are two quasibound levels within the well. We label the energy 
of the quasibound state as Ei,. Decreasing parabolic dispersion can be seen in the high 
quasibound level. As ky increases, transverse motion costs larger energy giving rise to the 
decrease in Ei^. Parabolic dispersion pattern is natural as a result of parabolic conduction 
band of 2DEG. Both quasibound levels vanishes when the wave vector in the transport 
direction k^ becomes imaginary. 


B. Floquet Scattering 


We use the Floquet scattering theory to investigate the nonadiabatic quantum pump 
driven by the time-dependent well potential^*^. Wave functions in the three scattering regions 
can be written as: 


H-oo 


{x, y, t) = 


3 iEntfh, 


I ^ikxnX _j_ Jjl g ikxn^ ^ Q 


ale 


+ bm& 

E . 0 < X < L, 

m=—oo X f 


j 


( 6 ) 


r ^—ikxnX _j_ JyV ^ikxnX 


a’e 


X > L. 


The potential is translation invariant in the ^/-direction. Plane wave with ky preserved can 
be assumed during transmission. The incident and outgoing electron waves consist of inhnite 
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Floquet sidebands, as shown in Fig. 1. These sidebands are formed by motion in the x and 
y directions. The Floqnet state energies are = Ep + ntux. Ep is the Fermi energy of 
the left and right electrodes at the two sides of the oscillating well with no bias between 
them. The sideband index n is an integer varying from —oo to +oo in an ideal exactness. 
Nnmerical accnracy is secnred for its cntoff- N > Vi/{tvjj). In this case we set N = 5. 
The Floqnet wave vectors k^n = \/‘2m*En — K^k'^/h and {E^ + Vq) — h?ky jh. 

Jn{x) are the n-th order hrst kind Bessel fnnctions. Here, different from the one-dimensional 
case, kxn is imaginary meaning an evanescent mode even when > 0 if ky is relatively 
large. Transmission for this channel vanishes, and bn^ are the probability amplitndes 
of waves flowing ont of and into the left/right electrodes, respectively. 

The Floqnet scattering matrix Say {En, Em) can be obtained^i^ by continnity of V’ and 
difj/dx at the bonndaries of the oscillating qnantnm well x = 0 and L. It connects anni¬ 
hilation operators Oq {E) and {E) of the incident and ontgoing electrons to the driven 
potential as 

L (E„) = ^Eni Em) h/3 (^Em)- (7) 

m,p 

The total Floqnet transmission probability follows as 

N 

Tp = J2\sRL{Ep,E^)f. ( 8 ) 

71=0 

Under real parameter settings, nnmerical resnlts of Tp were shown in panel (a) of Fig. 3. 
Sharp Fano resonance can be seen in the transmission spectrnm as a fnnction of Ep when 
one of the Floqnet channel matches the qnasibonnd level conhned in the well. For larger 
ky, it occnrs at higher Fermi energies. It could be understood as transverse motion energy 
is supplied by the total energy of the incident electron. To see relation between the Fano 
resonance and the quasibound state, the Fano resonance occurred Fermi energy F^Pano as a 
function of ky is plotted in Fig. 2. Parabolic dispersion pattern is obvious. It follows the 
relation 

b?kl 

Epa.no — bbJ -^ = Eh. ( 9 ) 

m* 

Re-obtained Eh from i^Pano by Eq. ([9]) is shown by blue asterisks in Fig. 2. Within numerical 
accuracy, the two data are identical. It can be seen that by external driving potential the 
incident electron emits an energy quantum of hw, releases the transverse motion energy 
h‘^kyl2m*, enters the quasibound state, supplies the transverse motion energy for the bound 
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state h‘^ky/2m*, and bounces back to the Ep channel. This path interferes with direct 
tunneling giving rise to a Fano resonance. Therefore, in nonadiabatic quantum pumping of 
2DEG with transverse motion present, the Fano resonance occurs as a result of transport 
wave vector matching. 

C. Pumped Shot Noise 

In our potential conhguration of a single time-dependent quantum well, spatial and time- 
reversal symmetry secures zero pumped current at no electric or temperature bias between 
the left and right electrodes. However, the shot noise measuring the current fluctuation 
can be considerably large due to virtual transport of electrons and holes during one driving 
cycle^‘i^‘2^. With the Floquet scattering matrix obtained, the zero-frequency nonadiabatic 
pumped shot noise measuring current fluctuation correlation between particle beams from 
a and (3 electrodes can be expressed as^ 



with 

MajS'yS {E, Em, E^, Ep) = (E, En) SaS {E, Em) {Ep, Em) {Ep, E^) ■ ( 11 ) 

As a result of particle flux conservation, the Floquet scattering matrix is unitary^ and the 
pumped shot noise has the symmetry of Spp = —Spp = —Srl = Srr. Our numerical 
treatment considers one of them and label S = Sll- 

Variation of the pumped shot noise as a function oiEp for different ky is shown in panel (b) 
of Fig. 3. The shot noise increases with the Fermi energy as a result of more energy channels 
contributing to the transport. For even larger Fermi energy, the active Floquet bands are out 
of the potential well. Its influence becomes weak and transmission is nearly ballistic. The 
shot noise decreases. For larger ky, transverse motion consumes more incident energy, the 
shot noise curve as well as the total Floquet transmission translates along the Fermi energy 
axis. A slight inflection can be seen in the pumped shot noise at the Fano resonance occurring 
Fermi energy. The pumped shot noise is a result of transmission of all energy channels 
below the Fermi energy. Therefore, contribution from the Fano resonance channel is weak. 
However, if we differentiate S' as a function of the Fermi energy and let Sd = dS/dEp, sharp 
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resonance reemerges exactly at the resonance energy of the transmission, which is shown 
in panel (c) of Fig. 3. By doing the differentiate, contribution by a single energy channel 
is visible. The shot noise reflects virtual transport processes within a driving cycle even 
when vanishing pumped current is secured by spatial and time-reversal symmetry in this 
single-driving-parameter case. Hence, the Fano resonance in the total Floquet transmission 
is recorded in the pumped shot noise spectrum. Especially the Fano resonance pattern 
reappears in the differential pumped shot noise. 


III. NONADIABATIC QUANTUM PUMPING IN MONOLAYER GRAPHENE 

We consider the nonadiabatic quantum pumping properties driven by a time-dependent 
quantum well at zero bias in monolayer graphene. The potential prohle is sketched in Fig. 1, 
which is identical to the previous consideration of 2DEG. For graphene, the time-dependent 
Dirac equation outside and within the oscillating potential well can be written as^l 

d 

{x, y, t) = [vf (a ■ p) + U {x, t)] ip (x, y, t ), (12) 

with the potential prohle in space and time U {x,t) identical to that of Eq. ([2]). ~ 10® 

ms“^ is the Fermi velocity and a = {ax, ay) are the Pauli matrices. 


A. Quasibound States within a Static Quantum Well 


In advance of the time-dependent treatment, we consider the quasibound states conhned 
in the static quantum well with width L and depth Vq spanned in the x direction of monolayer 
graphene. We set the energy coordinate to be —Vq at the bottom of the well. The electron- 
hole spinor states "0 = {'ipi,'ip 2 )' with energy E > —Vq inside and outside the well can 

be written as 


re 


qx 


i>i= { 




X < 0, 

0 < a; < L, 
X > L, 


(13) 


i>2 


—sre'^^ a: < 0, 

< s' , 0 < a; < L, 

g^g-ga;+i6l, X > L, 


(14) 
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with s 


sign(E + i/o), 


= sign(E), s' = sign(E + i/o), = \J{E + V^f - {hvpkyf j{hvp), q = 

\J— {hvFkyf j{hvp), 9 = tan“^ {—iky/q), and 0 = tan“^ {ky/kx). 

By continuity of the spinor wave function at the boundaries of the quantum well, secular 
equation for the eigenenergy can be written as 




-se 

■-.ikx L 


s'e * 


T - ^ 


0 

0 

3-gL 


0 e —e 

0 g! ^ik^L+iip g! _ g^—qL+iO 


= 0 . 


(15) 


Numerical results of the secular equation is given in the small black dots in Fig. 4, which 


reproduces results of Ref. 
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B. Floquet Scattering 

To investigate the influence of the quasibound states to the nonadiabatic quantum pump¬ 
ing properties, we try the Floquet Dirac spinor -0 = ("01,'^ 2 )^ in the following form^>^ 


+ 00 


^ikxn^ 0 

+ 00 




X <0, 

(^), 0<x<L, (16) 

X > L, 


m=—oo 
yi „—ikxnX 


'ioAkxnX 


Q'i' g tfCxnX _j_ p'l'f^xn 


+ 00 


^2 ()r, t) = 


^-iEntlh 


+00 

E ( J n p^QmX+iO m h p—iqmX—id m \ J n < T* < r 

y^rn^'nn^ J ^n—m yfyjjji ^ ^ -E ^ 1 j^ 

m=—00 

_ ^ g ikxnX i(l>7i _j_ p^kxTiX-\-'i<l>ji ^ 

(17) 

which secures identical spinor normalization for all Floquet orders of a constant \/2- In the 
inhnite graphene layer, the potential is homogeneous in the y direction, therefore a plane 
wave component can be assumed with ky conserved during transmission. Here and 
are the probability amplitudes of the incoming waves from the left and right, respectively, 
while H" and are those of the outgoing waves, am and bm are constant coefficients that 
can be determined by boundary conditions. En = E + nhx are the n-th order Floquet 
energies and kxn = \j{En/hvpY — ky are the corresponding wave vectors. The latter are 
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imaginary for evanescent modes, = \J[{Em + Vq)/ hvpf — ky and Jn{x) are the n-th 
order first kind Bessel functions. = sign(i?„), = sign(i?m + Vq), <pn = tan“^ {ky/kxn), 
and dm = tan“^ {ky/qm)- 

By continuity of the spinor wave function at the two boundaries a; = 0 and x = L, we 
can obtain the matrix equation (see the Appendix): 



Considering the real current flux, the Floquet scattering matrix follows as 


( 18 ) 


S {Enj Em) 


Re {kx 
Re {kx 



(19) 


with rnm and tnm the reflection and transmission amplitudes from the mth Floquet channel 
to the nth Floquet channel, respectively, r'nm and t'nm are the corresponding backward 
amplitudes. The scattering matrix element vanishes for evanescent modes with imaginary 
incoming or outgoing wave vector. 

From the scattering matrix s, the total transmission probability Tp can be dehned as 


+ 00 



n=—oo 


+00 

\sRL{Ep,E^)f, 


n=—oo 


( 20 ) 


with sji£ the relative matrix element of s. The minimum number of sidebands N that 
need to be included is determined by the strength of the oscillation from N > Vi/(hcu). In 
our numerical treatment to the monolayer graphene, sideband cutoff = 2 is taken into 
account, which is justihed by Vi hw. 

Numerical results of Tp at certain parameters are shown in panel (a) of Fig. 5. Standard 
Fano resonance pattern is obvious when the —1-st order Floquet sideband coincides with 
the shallowest quasibound state within the quantum well. Therefore, the Fano resonance 
occurring position i^Pano is determined by the quasibound energy E^ and the Floquet side¬ 
band interval hw. During transmission, the transverse motion is conserved and its energy is 
carried from one of the reservoirs, through the quasibound level, and into the other reservoir. 
The Fano resonance occurs when 


Epa.no kiW El) , 


( 21 ) 


10 



which is equivalent to k^-i = kbx with k^x the a:-component wave vector of the quasibound 
level within the well. If we increase the driving frequency, more energy is injected into the 
transport process and the sideband interval fuj is increased. Then it is possible that deeper 
quasibound states can be activated into the transport process. Numerically we consider 
fvjj = 20.5 meV. By the solid red squares in Fig. 4, the Fano resonance occurring Floquet 
level energy i^pano — ^ is marked. It covers all the quasibound levels from top of the well 
into Itvjj deep except too weak Fano resonances. 

C. Pumped Shot Noise 

The Fano resonance in the transmission probabilities can be observed in the pumped cur¬ 
rent or shot noise. In the graphene monolayer driven by single oscillating potential barrier, 
spatial and time-reversal symmetry secures vanishing pumped current. The nonadiabatic 
pumped shot noise Sap can be investigated by Eq. flT0|l as well. Current flux conservation 
secures that Sll = Srr = —Srr = —Srl- We consider one of the four and label Srl as S. 
To magnify the resonance spectrum, we also consider the derivatives of the noise over the 
Fermi energy with Sd = dS/dEp. 

Numerical results of S and Sd are shown in Fig. 5. At the Fano resonance Fermi energy, 
an inflection can be seen in the pumped shot noise, which originates from transport of 
all energy channels below the Fermi energy. The influence of the Fano resonance is thus 
weakened. Sharp Fano resonance reappears in the differentiate pumped shot noise. 

Shot noise is a result of current fluctuations. Properties of the charge carriers, the con¬ 
ducting materials, and the potential configurations are imprinted in the shot noise, some¬ 
times even more prominently than the conductance. In our consideration, no time-averaged 
current is present and the pumped shot noise especially its derivatives prominently demon¬ 
strate the Fano resonance in transmission. The complex eigenenergy profiles of graphene 
are reflected in the noise spectrum of the simple single-well device. 


IV. CONCLUSIONS 

In conclusion, Fano resonance is found in the nonadiabatic pumped shot noise driven by 
a time-dependent quantum well in the 2DEG and graphene. The main results including 
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three points. Firstly, when nonadiabatic quantum pumping is considered in two dimension 
with transverse motion entering, Fano resonance occurs at transport wave vector matching 
Fermi energies between one of the Floquet sidebands and one of the quasibound levels 
of the scatterer. In 2DEG, the incident electron emits an energy quantum of hw, releases 
the transverse motion energy lT?kyl2m*, enters the quasibound state, supplies the transverse 
motion energy for the bound state j2m*, and bounces back to the Ep channel. This path 

interferes with direct tunneling giving rise to a Fano resonance at E-ps,no — fko — h?ky/m* = Ei,. 
In graphene, the transverse energy is carried by the electron or hole during transmission. 
The Fano resonance occurs at Epano — fvuj = E^ oi equivalently k^-i = kbx- Secondly, 
the complex quasibound level dispersion of graphene is imprinted by the Fano resonance 
in the total Floquet transmission spectrum. Thirdly, the nonadiabatic pumped shot noise 
measuring current fluctuations is a result of virtual transport process within a driving cycle. 
It can be considerably large even when the pumped current vanishes due to spatial and time- 
reversal symmetry. Prominent Fano resonance can be observed in the differential pumped 
shot noise. The complex eigenenergy conhguration of graphene is reflected by the Fano 
resonance in the noise spectrum. 
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VI. APPENDIX: DERIVATION OF THE FLOQUET SCATTERING MATRIX IN 
GRAPHENE 

In this Appendix, we show the detailed derivation of the Floquet scattering matrix in 
graphene from the spinor wave function continuity relations using the matrix format. Con¬ 
tinuity equations of the spinor wave functions dehned in Eqs. (1T6|) and (fT7|) are 



m=—oo 


( 22 ) 
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Q c) ikxnL/‘2-\~i(pn _ A^ q '^4^n 

+ 00 

— \ ’' {n "^QmLl‘2-\-i0m _ iOm\ J ( '^1 ^ 

“ y^m^rn^ 

m=—oo 

+ 00 / V \ 

^^g-ifc.nL/2 ^Ogifc,„L/2 ^ ^ Jn-m f ^ > 

m=—oo ^ ^ 

_ ^ g 'i'kx7iL/‘2 i<Pri _|_ s ^^kxnL/‘^~\~'^4^7 i 

+ 00 

— \ ’' (n ^'^Qm.L j‘2-\-i6m _ ^ iQmL j^i 2^771 ^ 7 ( ^l ^ 

“ Z^ y^m^rn^ 


We define relative matrices with their elements 


(M^J _ V ^ ) j 

± - s' e'®™) ' 

(M±) = ^ ^ J^.m 

(Mr)n™ = 2 cos (0n) 5n,m, 

(M,)_ = 

/_ _ I \ i(fcj;n=l=9m)7/ _ ( Vl \ 


hw J ’ 

KfVjjj'’ 


After some algebra, it could be obtained that 


A° = M+a + M”b - MiAb 
B° = M;ra + M+b - MiB*, 

a \ / aA as \ / A* \ 

b / \ b. bB / \ B* / ’ 


aA — 


as — 


- (m;,)-'m.-]^ [(Mi)-‘ - (m;J-‘] m„ 
tM+)-'Mi - (m;,)-'m~]’' [(m+)-' + (m;,)-'] m„ 


= [(Mi)-‘M+ - (M-J-'M.-,]^ [(Mi)-' - (M.-)-‘] M„ 
bs = [(Mj-J-'MJ- (M-J-'M.-,]^" [(Mi)-‘ + (M- )-'] M,. 

The scattering matrix without flux normalization follows as 

( A°\ / Maa Mas W A' \ . / A* \ 


Msa Mss / \ B* 
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with 


Maa = M+aA + M-hA - M„ 
= M+as + Mjrbs, 

Msa = aA + b/i, 

Msb = M“as + M+bs — Mj. 
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FIG. 1: Potential profile on the 2DEG/graphene spanned in the x-y plane. The y-direction is 
infinite. Quasiparticles transport in the x direction. A time-dependent single-well potential V(t) = 
—Vq + Vi cos{ujt) is applied with width L. As a dynamic effect, Floquet sidebands are formed with 
energy spacing hu. During transmission ky is preserved. When the wave vector of one of the 
Floquet sidebands in the transport direction matches that of the quasibound state in the well, 
Fano resonance occurs in the transmission spectrum. 
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FIG. 2: Solid black squares and red circles are dispersion of the quasibound states of the static 
quantum well with depth Vq and width L in 2DEG and that of the Fano resonance Fermi energy 
F’pano driven by time-dependent oscillation of the quantum well, respectively. The blue asterisks 
are the quasibound energy reobtained from the Fano resonance energy by Eq. m- Numerical 
parameters are^i^ hui =1 meV, L = 10 A, Vq =20 meV, Vi =5 meV. Floquet sideband cntoff N =5. 
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FIG. 3: (a) Total Floquet transmission probability Tp, (b) pumped shot noise S, and (c) differen¬ 

tial pumped shot noise driven by an oscillating potential well as a function of Ep for different 
ky in 2DEG. An inflection occurs in the pumped shot noise corresponding to the Fano resonance 
in the transmission highlighted by the red circle in panel (b). Sharp resonance could be seen at 
the inflection energy in panel (c). Parameters are the same as Fig. 2. The noise units are obtained 
by substituting twj = 1 meV into the energy and absorbing the additional 27r into the data. 
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FIG. 4: Small black dots are dispersion of the quasibound states E}, of the static quantum well 
with depth Vq and width L in graphene. Green, blue, and pink lines are the Dirac “light-cone” 
band boundaries. The red solid squares are the quasibound energy Ef, reobtained from the Fano 
resonance energy Fipano by Fipano — Numerical parameters are hw = 20.5 meV, L = 3000 A, 
Vo = 50 meV, Vi = I meV. Floquet sideband cutoff N = 2. 
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FIG. 5: (a) Total Floquet transmission probability Tp, (b) pumped shot noise S, and (c) differen¬ 

tial pumped shot noise driven by an oscillating potential well as a function of Ep for different ky 
in graphene. An inflection occurs in the pumped shot noise corresponding to the Fano resonance 
in the transmission highlighted by the red circle in panel (b). Sharp resonance could be seen at 
the inflection energy in panel (c). hu) = A meV and other parameters are the same as Fig. 4. The 
noise units are obtained by substituting fkv = A meV into the energy and absorbing the additional 
27r into the data. 
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